solutions even at low concentrations whose stability to temperature and pH is responsible for its great acceptance in many industries [3, 4] .
The knowledge of rheological properties of xanthan gum aqueous systems is of great importance and their correct measurements provide a lot of useful informations with regard to engineering applications, formulation of commercial products, design and process evaluation, quality control, and storage stability, because rheological characteristics affect the flow behavior during processing as well as the mechanical properties of the final products [5] .
Xanthan gum has been known to exhibit peculiar flow properties with a pronounced shear-thinning behavior owing to its unique rigid, rod-like conformation which is more responsive to shear than a random-coil conformation [6] . When added to aqueous dispersions, xanthan gum imparts an extraordinary stability against heat, acid and alkali conditions due to its structural rigidity and the extended nature of its molecules originating from its linear, cellulosic backbone that is stiffened and shielded by the anionic trisaccharide side chains [7] .
Because of its exceptional rheological properties, xanthan gum is widely used as an effective stabilizer or a suitable thickener for various kinds of water-based systems. Its numerous areas of application cover a broad range including food, pharmaceutical, cosmetic, personal care, agricultural, textile, ceramic, and petroleum industries [8−11] . Recently, xanthan gum has also been used as an attractive rheological fluid for the design and application of microfluidic devices where it shows a different behavior from ordinary neutral polymeric liquids [12] . The most important rheological properties of xanthan gum are high viscosity at low shear rates, marked shear-thinning nature, and good resistance to shear degradation.
During the past several decades, due to its paramount importance in a wide variety of industrial applications, a reasonably substantial amount of studies have been performed in order to investigate the rheological properties of xanthan gum systems prepared from aqueous media by the use of a steady/dynamic shear rheometry [13−20] , creep/creep recovery tests [21−23] , and stress relaxation tests [24] . From our rigorous examination for former studies, it can be recognized that most of these works have been focused mainly on the rheology of xanthan gum in both dilute and semi-dilute (or moderately concentrated) solutions. The determination of concentration regimes has been an important aspect of the previous works, since xanthan gum systems exhibit a differently complicated rheological behavior according to their concentration regimes.
On the other hand, a little attention has been given to the rheological characterization of highly concentrated solutions of xanthan gum [25−28] , even though these systems are much more significant from an industrial point of view [1] . A strong non-Newtonian feature of concentrated xanthan gum solutions is essential for mixing, heat transfer, and mass transfer requirements of xanthan gum fermentation reactors [29] . Fermentation broths that are further concentrated up to 13 wt% xanthan gum have already been available in the commercial market [30] . This is a main motivation that we have been conducting a comprehensive study as to the overall rheology of concentrated xanthan gum solutions in aqueous media in a wide variety of flow fields [27, 28, 31, 32] .
Large amplitude oscillatory shear (LAOS) measurements have received an increasing attention in that they can provide much valuable information for a better understanding of nonlinear rheology and give a deeper insight into microstructural changes [33−36] . In addition, another reason for growing interest in LAOS tests lies in their usefulness in describing the elastic and viscous properties of complex fluids outside a linear viscoelastic region (i.e., at large deformations) [37−40] , which are closer to actual material processing and application conditions. For instances, it has been proved recently that LAOS flow is directly related to the actual usage situations (i.e., spreading and rubbing onto the human skin) of pharmaceutical and cosmetic products [41, 42] and is closely associated with the sensory and textural properties of foodstuffs [43] , which has long been a topic of great concern in food industry.
In spite of such an attractive methodology, there has been only a few literatures that dealt with the nonlinear rheology of xanthan gum systems using LAOS flow measurements [28, 44] . In fact, such a rheological information becomes far more essential because LAOS flow is closely related to the real conditions usually encountered with at various stages of actual material processings as well as in actual usage situations of the final products.
Upon the basis of these practical and scientific backgrounds mentioned above, the objective of the present study has been to phenomenologically characterize the nonlinear rheological behavior of concentrated xanthan gum systems in LAOS flow fields by means of stress waveform and Lissajous pattern analysis. With this aim, using an Advanced Rheometric Expansion System (ARES), the dynamic viscoelastic behavior of aqueous xanthan gum solutions with different concentrations has been experimentally investigated in LAOS flow conditions with a various combination of several fixed strain amplitudes and constant angular frequencies.
In this article, the stress waveforms responded to small and large strain amplitudes were analyzed from the experimentallyobtained stress response data and then the effects of polymer concentration and angular frequency on the shape of stress waveforms were discussed from a structural point of view. Nextly, the linear and nonlinear viscoelastic behaviors were characterized through an analysis of the Lissajous patterns (stress versus strain rate loops) and then the variation of these loops according to an increase in strain amplitude was represented by displaying the normalized Lissajous patterns. Finally, three material functions were determined from the Lissajous patterns using a graphical method and then their behaviors were reported with a brief explanation of their physical meanings.
Experimental

Raw Materials
The xanthan gum sample used in this study was a commercially available product supplied from the SigmaAldrich Corporation (St. Louis, MO, USA). As illustrated in our previous articles [31, 32] , the primary structure of xanthan gum consists of 1,4-linked β-D-glucose residues having a trisaccharide side chain attached to alternate Dglucosyl residues [5] . The backbone of xanthan gum is similar to that of cellulose. The side chains are β-D-mannose-1,4-β-D-glucosyl acid-1,2-α-D-mannose, where the internal mannose is mostly O-acetylated and the terminal mannose may be substituted by a 4,6-linked pyruvic acid ketal [45] .
The secondary structure of xanthan gum has been shown to consist of a five-fold helical structure [46] . Most researchers [47, 48] have suggested a right-handed double helical state for native xanthan gum molecule which is stabilized by intermolecular and intramolecular hydrogen bonds [49] .
An accurate determination of the molecular weight of xanthan gum is extremely difficult for several reasons including its relatively high value, the stiffness of a molecule and the presence of aggregates [50] , resulting in very diverse values reported in the literature [51] . Such various ranges of its molecular weight are originated mainly from the difference in either manufacturers or suppliers. This is because the molecular weight of xanthan gum is determined by the degree of microbial fermentation steps (or culture time), just as that of synthetic polymers is dependent on the degree of polymerizations. Fortunately, the weight average molecular weight of our xanthan gum is found to be 1.13×10 6 g/mol in the literature [52, 53] . This value was determined by a rigorous analysis of the experimentally measured viscometric data [54] and is thus believed to be a very reliable data.
Preparation of Sample Solutions
Xanthan gum is soluble in both cold and hot water. Like most other hydrocolloids, xanthan gum needs an intensive agitation upon introduction into an aqueous medium in order to avoid a formation of lumps.
In this work, xanthan gum solutions with different concentrations of 1, 2, 3, and 4 wt% were prepared by slowly adding the required amount of polymer powder weighed using an electronic balance (BA 210S, Sartorius, Germany) into a known volume of gently agitated medium (dust-free distilled water) filled in a glass container, which was maintained at room temperature with constant stirring using a magnetic bar for 24 hr. During stirring, the top of a glass container was sealed up with an air-tight film to prevent an evaporation of a medium.
After then, a propeller-type variable-speed homogenizer (EYELA Z-1140, Tokyo Rikakiki Co., Japan or EUROSTAR, Janke & Kunkel GmbH & Co., Germany) was used to provide a further necessary agitation of xanthan gum solutions. The agitation was continued for 3−5 hr with a rotational speed of 300 rpm until the polymer was perfectly dissolved and the solutions were lump-free. In order to complete the hydration of the polymer, the prepared solutions were kept at rest at room temperature for more than 12 hr prior to conducting the rheological measurements.
Rheological Measurements
All rheological measurements for prepared xanthan gum solutions have been made using a well-known strain-controlled rheometer (Advanced Rheometric Expansion System (ARES), Rheometric Scientific, Piscataway, NJ, USA) equipped with a parallel-plate fixture having a radius of 25 mm and a gap size of 2.0 mm at an isothermal condition of 20 o C. In order to characterize the nonlinear rheology of concentrated xanthan gum systems, the dynamic viscoelastic behavior of prepared aqueous xanthan gum solutions has been investigated in LAOS flow conditions with a various combination of several fixed strain amplitudes and constant angular frequencies.
In this study, the so-called arbitrary wave test method was employed to clarify the strain dependence as well as the frequency dependence of the nonlinear viscoelastic behavior. Using this method, a sinusoidal shear strain γ (t)=γ 0 sinωt with a various combination of eight fixed strain amplitudes of 10, 50, 60, 80, 100, 160, 200, and 300% and eight constant angular frequencies of 0.025, 0.05, 0.1, 0.5, 1, 2.5, 5, and 10 rad/s was applied to the sample xanthan gum solutions with different concentrations of 1, 2, 3, and 4 wt%, and then the resultant stress response was detected with time and subsequently the Lissajous pattern was obtained from stress vs. strain rate hysteresis loop.
Before the xanthan gum solution was loaded, the two plates were covered with sandpaper to remove a wall slippage between the test material and the plates. Through a preliminary test using a direct visualization technique [55] in which a straight line marker was drawn from the upper plate to the lower plate passing through the free surface of the sample solution, it was confirmed that a wall slip effect could almost be eliminated by covering the plate surfaces with sandpaper.
In all investigations, a fresh sample solution was used and rested for 20 min after loading to allow material relaxation and temperature equilibration. It was found from a preliminary test that 20 min of resting time is enough for sample solutions to be completely relaxed and to be thermally equilibrated. All measurements were made at least three times for each test and highly reproducible data were obtained within the coefficients of variation of ±5% in all cases.
Results and Discussion
Stress Waveforms : Linear Viscoelastic Behavior
Figure 1(a) and (b) show the variation of the stress wave signals responded to a relatively small strain amplitude of 10% for 3 wt% aqueous xanthan gum solution at a fixed angular frequency of 0.5 and 10 rad/s, respectively. When a sinusoidal deformation with small amplitude is imposed to xanthan gum solution, a symmetrical and sinusoidal stress response waveform is obtained with time, indicating that this system exhibits a linear viscoelastic behavior in small amplitude oscillatory shear (SAOS) flow fields.
A next important point to be noted here is that, while the stress response waveforms displayed in Figure 1 (a) and (b) demonstrate a qualitatively same shape, the stress response values obtained at an angular frequency of 10 rad/s are larger than that obtained at an angular frequency of 0.5 rad/s. This result is a consequence of the fact [28] that both of the storage modulus and loss modulus are gradually increased with an increase in angular frequency within the linear viscoelastic region of concentrated xanthan gum solutions.
This linear viscoelastic behavior observed at small deformations can be mathematically described in a simple way. The shear strain is given as a following sinusoidal function of time: (1) where γ is the shear strain, γ 0 is the strain amplitude, and ω is the angular frequency.
If the strain amplitude, , is sufficiently small, the shear stress can be calculated by use of the Boltzmann superposition principle, resulting in a following form of the sinusoidal shear stress: (2) where σ is the shear stress, σ 0 is the stress amplitude, and δ is the phase angle (or mechanical loss angle). The amplitude ratio, σ 0 /γ 0 , and the phase angle, δ, are functions of angular frequency but are independent of strain amplitude [56] .
It is customary to make use of a trigonometric identity to express equation (2) in the following form:
where G'(ω) is the storage modulus and G''(ω) is the loss modulus, respectively. These two moduli can be easily calculated from the amplitude ratio and the phase angle as follows: (4) (5) 
Stress Waveforms : Nonlinear Viscoelastic Behavior
Figure 2(a) and (b) show the variation of the stress wave signals responded to a relatively large strain amplitude of 300% for 4 wt% aqueous xanthan gum solution at a fixed angular frequency of 0.5 and 10 rad/s, respectively. When a sinusoidal strain with large amplitude is applied to xanthan gum solution, in contrast to the case of Figure 1 (a) and (b), a distorted and nonsinusoidal but symmetrical stress response waveform is detected with time, implying that this system exhibits a nonlinear viscoelastic behavior in large amplitude oscillatory shear (LAOS) flow fields.
As the strain amplitude is increased, the rheological behavior of viscoelastic materials will no longer be governed by the Boltzmann superposition principle. One of the most observable manifestations of nonlinearity is that the first normal stress difference, N 1 (t), becomes significant. In addition, the stress response is no longer sinusoidal and their mechanical behavior cannot any more be described in terms of the storage modulus, G'(ω), and loss modulus, G''(ω), as a function of angular frequency due to higher harmonic contributions [57] .
Using the Fourier series of odd harmonics, the nonsinusoidal stress output of nonlinear viscoelastic behavior can be expressed as follows: (6) where both of the stress amplitude, , and phase angle, , of the harmonics are defined as functions of angular frequency as well as strain amplitude.
As displayed in Figure 2 (a) and (b), the distorted stress waves of nonlinear viscoelastic behavior are qualitatively inclined to the left side with respect to a sinusoidal curve. Such a tendency is caused by the relative phase angle calculated from many harmonic terms of Fourier series expansion. In order to interpret this phenomenon, a research group [58] simulated the torque signal standing for the shear stress by using the cosine terms of the fundamental and the third harmonics. In addition, they examined the effect of relative phase angle on the shear thinning behavior and shear thickening behavior, respectively. The role of phase angles of higher harmonic contributions in the nonlinear viscoelastic behavior of concentrated xanthan gum solutions in LAOS flow fields is now being thoroughly analyzed in our laboratory and the results will be submitted in the near future. Some rheologists have investigated the nonlinear behavior of several polymeric liquids by using the stress output signal [59, 60] . From these studies, it has been proved that the shape of stress signal responded to a sinusoidal deformation with large strain amplitude is closely related to the internal structure of polymer chains. When the stress amplitude becomes closer to its maximum and minimum values, the stress output signal shows a small peak that looks like a saw-tooth, as illustrated in Figure 2(a) and (b) .
A saw-tooth shaped stress signal observed in concentrated xanthan gum solutions at large strain amplitudes may arise from a unique structure of xanthan gum polymer chains based on a linear 1,4-β-D-glucose backbone with charged trisaccharide side chains on every second residue [5] ; these long side chains can make relatively weaker structural complexes. In aqueous media at room temperature, the backbone of xanthan gum exists in disordered state that can be highly extended due to an electrostatic repulsion between the charged groups on the side chains. Because of this highly extended structure, the xanthan gum molecules may align and associate (partly due to hydrogen bonding) to form a weakly structured material [14, 59] .
In our earlier study [28] , it has already been reported that a strain-overshoot phenomenon of loss modulus observed at large strain amplitudes is also originated from a peculiar microstructure of xanthan polymer. This implies that a small peak of stress wave appearing at the position of maximum and minimum stress represents a nonlinear viscous nature of concentrated xanthan gum solutions in LAOS flow fields. Figure 3 illustrates the stress responses with time to a large strain amplitude of 300% for aqueous xanthan gum solutions with different concentrations at a fixed angular frequency of 1 rad/s. As an increase in concentration of xanthan polymer, the magnitude of responded stress is progressively increased and the shape of stress wave becomes sharper and more distorted. Such a trend may be accounted for as follows:
As an increase in polymer concentration, more and more structures of the primary entanglements (linear 1,4-β-Dglucose backbone) as well as the adscititious intermolecular aggregations (interaction between the charged groups on the side chains) may be formed in aqueous xanthan gum solutions. According to an increase in this structural density, the probability of forming the weakly structured material when there exist the alignments and the associations of xanthan gum molecules becomes stronger. In other words, larger stress magnitudes are required to generate a same deformation and the nonlinearity of stress responses at LAOS deformations becomes more obvious with increasing the structural density of xanthan polymer. As can be seen in Figure 3 , due to the difference in their structural density, the stress response of 1 wt% xanthan gum solution exhibits a relatively slight nonlinearity whereas that of 4 wt% xanthan gum solution shows a much prominent nonlinearity to a same large strain amplitude of 300%. Figure 4 demonstrates the normalized stress response with time to a large strain amplitude of 300% for 3 wt% aqueous xanthan gum solution at various angular frequencies. The normalized stress response signals were reduced by dividing the experimentally-obtained stress values by the maximum value of stress response. As a decrease in angular frequency, the stress wave exhibits a more distorted shape, and in particular, both of the maximum and minimum peaks of a saw-tooth shaped stress response become more dominant. It is noteworthy to report here that a similar tendency is also observed from the relationship between the loss modulus and strain amplitude, as illustrated in Figure 5 . Figure 5 shows the strain dependence of the reduced loss modulus defined as a ratio of the strain-dependent loss modulus, G''(γ 0 ), to the strain-independent loss modulus, G''(0), for 3 wt% aqueous xanthan gum solution at various angular frequencies. A strain overshoot phenomenon is consistently observed at large strain amplitude region for all imposed angular frequencies. However, this peculiar behavior exhibits a quantitatively different tendency according to the magnitude of imposed angular frequencies. These interesting results may be interpreted by the following discussions.
Frequency-Dependent Stress Waveforms
From a closer examination of Figure 5 together with Figure  4 , it can be realized that, as a decrease in imposed angular frequency, an extent of a strain overshoot of the loss modulus is gradually increased and the peaks of stress waves become more obvious. At sufficiently large strain amplitudes, the microstructure of concentrated xanthan gum solutions leads to a weakly structured material system due to the intermolecular associations. If a certain magnitude of large deformation is imposed to a complex fluid like our xanthan gum solutions for a long enough time, a large amout of structured polymer chains may be constituted. On the other hand, if the same deformation is applied for a short period of time, a relatively small amount of organized polymer chains may be made.
In other words, as the angular frequency is decreased, a period of time to make the weakly structured xanthan gum system is gradually extended, and consequently a larger number of arrangements is formed due to a weak interaction between xanthan molecules at large strain amplitude region. For these reasons, a more distorted and a sharper stress waveform and a more obvious strain overshoot phenomenon are observed at LAOS flow fields.
Lissajous Patterns : Linear and Nonlinear Behavior
In the former sections, the linear and nonlinear viscoelastic behaviors of concentrated xanthan gum systems were phenomenologically characterized by plotting the stress response waveforms as a function of time to small and large strain amplitudes, respectively. Although this manner produces a lot of visuable informations concerning both the linear and nonlinear rheological properties of complex fluids, it may not be effective to interpret the relationship between stress As an early attempt to evaluate the nonlinear characteristics of stress responses with a graphical method, a Lissajous pattern (or Figure) displaying stress versus strain loop had been introduced by Philippoff [61] in the middle of 1960's. This Lissajous pattern shows a circular form for a purely Newtonian viscous liquid because stress and strain are out of phase. On the other hand, this figure exhibits a straight line for a perfectly elastic solid since stress and strain are in phase in this case. For a viscoelastic material with a phase lag (0<δ<π/2), a Lissajous figure plotting the relationship between stress and strain illustrates an elliptical form. However, it has been known that this Lissajous pattern is not successful in that it does not consider all of the stress, strain and time.
Tee and Dealy [62] found that for molten thermoplastics at moderate frequencies, stress versus strain rate loops are more distinctive than stress versus strain loops. They have also elucidated that, for a purely Newtonian viscous fluid, the stress versus strain rate loop shows a straight line through the origin with the linear viscoelasticity having the effect of opening out the line into an inclined elliptical Lissajous pattern. Figure 6 (a) and (b) represent the Lissajous patterns (stress versus strain rate loops) with different strain amplitudes at a fixed angular frequency of 0.5 rad/s for 2 wt% and 4 wt% aqueous xanthan gum solutions, respectively. From a closer examination of Figure 6(a) and (b) , it is observed that the dimension of the Lissajous figure with relatively small strain amplitudes is gradually increased with an increase in strain amplitude, indicating that the responded stress is varied with directly proportional to the imposed deformation. In contrast to the elliptical forms at small strain amplitudes, the Lissajous patterns corresponding to large deformations (γ 0 >100%) are markedly nonelliptical.
The strain dependence of the relationship between stress and strain rate can be more dramatically represented when both of the stress and strain rate values are substituted with their reduced values that are the ratios of stress and strain rate data to the maximum values of stress responses and strain rates. normalized Lissajous patterns show an elliptical form and moreover they are coincident with themselves. From these results, it can be understood that concentrated xanthan gum systems subjected to relatively small deformations are characterized as a linear viscoelastic behavior. When larger strain amplitudes (γ 0 >100%) are applied, however, the Lissajous patterns (stress versus strain rate loops) are already noticeably nonelliptical, and moreover as the strain amplitude is further increased, the tips of loops become more pointed with exhibiting a characteristic "S" shape. It should be noted here that this sigmoid Lissajous pattern (stress versus strain rate loop) at LAOS deformations represents a nonlinear viscoelastic behavior of concentrated xanthan gum systems in a phenomenological manner.
Material Functions Obtainable from Lissajous Patterns
When subjected to large strain amplitudes, the stress output of complex fluids becomes no longer sinusoidal and consequently the relationship between stress and strain cannot be described in terms of the strain-independent storage and loss moduli due to their higher harmonic contributions [56] . In order to analyze these higher harmonic contributions, Wilhelm et al. [63−66] have developed a Fourier transform rheology that decomposes the stress data in a time domain into a frequency-dependent spectrum. However, Fourier transform rheology has a disadvantage in that the variables determined from Fourier transform are difficult to be directly connected with the well-known functions of their linear counterparts such as storage modulus and loss modulus, even though it can treat the obtained data in a quantitative manner.
A stress decomposition analysis method developed by Cho et al. [38] has successfully overcome these shortcomings since it decomposes the obtained data into an elastic part and a viscous part, respectively, just as the theory of linear viscoelasticity does. In fact, Fourier transform and stress decomposition can be convertible with each other because these two methods are basically equivalent in nature. Equivalences and differences between the two methods have been examined later by several researchers [67−69] . Especially, Ewoldt et al. [68] have succeeded in connecting the two methods through an introduction of the Chebysev polynomial of the first kind.
In spite of such an advancement in interpreting nonlinear viscoelastic responses, all of these methods discussed above require a substantial calculation and have a complexity in mathematical treatments. In this study, in order to characterize the nonlinear viscoelastic behavior of concentrated xanthan gum systems, we would like to rely on an old-fashioned intuitive way suggested in the earlier days when some pioneering works on LAOS rheology had begun to appear. In the middle of 1970's, Tee and Dealy [62] proposed a useful graphical method composed with three material functions, as demonstrated in Figure 8 , to interpret the linear and nonlinear viscoelastic properties for several commercial resins. Even though these functions do not provide a complete characterization of the nonlinear properties of complex fluids, they supply the basis for a simple characterization method and have a merit to be computed directly from the data without the use of assumptions as to the nature of a material.
The first function is defined as a ratio between the stress amplitude and the strain rate amplitude, expressed as follows: (7) where τ 0 is the stress amplitude and is the strain rate amplitude. This function is reduced to the linear complex viscosity, η * (ω), at sufficiently small deformations. The second proposed function representing a measure of elasticity is given by: (8) where is defined as the stress occurring when the strain rate passes through zero. The value of this function becomes equal to unity for a perfectly elastic solid while to zero for a purely viscous liquid.
The third function is a measure of nonlinearity and is defined in such a way as to be sensitive to asymmetry in the loop. The method for determining the value of this function is schematically illustrated in Figure 8 . This material function is then defined as follows: (9) In the linear viscoelstic regime, this function is calculated to be unity due to a same length of a and b. This material function may not be a unique measure of nonlinearity. However, it is possible to determine a deviation from an elliptical form of the Lissajous pattern (stress versus strain rate loop) associated with a nonlinear viscoelasticity of polymeric systems.
In Figure 9 , the amplitude ratio calculated from equation (7) at a small strain amplitude of 10% is compared with the complex viscosity as a function of angular frequency for aqueous xanthan gum solutions with different concentrations. As is clear from Figure 9 , the amplitude ratios for all xanthan gum solutions are sharply decreased as an increase in strain rate amplitude, demonstrating that strain rate exerts a strong effect on the behavior of amplitude ratio function defined as equation (7). In addition, the amplitude ratios have similar values with the complex viscosity obtained from small amplitude oscillatory shear measurements over a wide range of angular frequencies.
In Figure 10 , the elasticity function defined as equation (8) is plotted as a function of angular frequency both at small and large strain amplitudes of 10% and 300%, respectively, for aqueous xanthan gum solutions with different concentrations. As can be seen in Figure 10 , the values of elastic parameters are almost constant with increasing angular frequency when a small deformation (γ 0 =10%) is imposed. In contrast, the values of elastic parameters obtained at a large deformation (γ 0 =300%) show a slight dependency on angular frequency.
An another important point to be noted here is that, these values at large deformation are much smaller than that determined at small deformation, indicating that an elastic nature of concentrated xanthan gum systems becomes weaker as an increase in strain amplitude. This trend may be attributable to the fact that attractive interactions between xanthan molecules are destroyed to a great extent by the imposition of a sufficiently large shear deformation. Figure 11 represents the nonlinearity function at a large strain amplitude of 300% for aqueous xanthan gum solutions with different concentrations. In the case of small deformations, this function is not plotted in Figure 11 because its value becomes equal to unity. The nonlinearity function shows a qualitatively similar behavior for all concentrated xanthan gum systems. However, this function for 3 wt% and 4 wt% solutions has a relatively larger value than that for lower concentrations, implying that highly concentrated xanthan gum solutions demonstrate a more pronounced nonlinearity.
The meaning of the behavior of the nonlinearity function at low angular frequencies is not clear because this function does not have a well-defined theoretical background as angular frequency approaches zero. Actually, the Lissajous pattern (stress versus strain rate loop) becomes a straight line at an angular frequency of zero, and the parameters of this function, a and b, are calculated to be zero.
Conclusion
The present study has been designed to phenomenologically characterize the nonlinear rheological behavior of concentrated xanthan gum systems in large amplitude oscillatory shear (LAOS) flow fields by means of stress waveform and Lissajous pattern analysis. To this end, using a well-known straincontrolled rheometer (ARES), the dynamic viscoelastic behavior of aqueous xanthan gum solutions with different concentrations has been experimentally investigated in LAOS flow conditions with a various combination of several fixed strain amplitudes and constant angular frequencies.
The stress waveforms responded to small and large strain amplitudes were analyzed from the experimentally-obtained stress response data and then the effects of polymer concentration and angular frequency on the shape of stress waveforms were discussed from a structural point of view. The linear and nonlinear viscoelastic behaviors were characterized through an analysis of the Lissajous patterns (stress versus strain rate loops) and then the variation of these loops according to an increase in strain amplitude was represented by displaying the normalized Lissajous patterns. Three material functions were determined from the Lissajous patterns using a graphical method and then their behaviors were reported with a brief explanation of their physical meanings.
When a sinusoidal strain with small amplitude is imposed, a symmetrical and sinusoidal stress response waveform is obtained with time. In contrast, when a sinusoidal deformation with large strain amplitude is applied, a distorted and nonsinusoidal but symmetrical stress response waveform is observed with time.
A saw-tooth shaped stress signal detected at large strain amplitudes may arise from a unique microstructure of xanthan polymer chains. A small peak of stress wave appearing at the position of maximum and minimum stress represents a nonlinear viscous nature of concentrated xanthan gum systems in LAOS flow fields.
As an increase in polymer concentration, the magnitude of responded stress is progressively increased and the shape of stress wave becomes sharper and more distorted. This trend may be explained by an increase in structural density (the probability of forming the weakly structured material when there exist the alignments and the associations of xanthan gum molecules).
As a decrease in angular frequency, the stress wave exhibits a more distorted shape and both of the maximum and minimum peaks of a saw-tooth shaped stress response becomes more dominant. This is because, as the imposed angular frequency is decreased, a period of time to make the weakly structured xanthan gum systems is extended and consequently a larger number of arrangements are formed due to a weak interaction between xanthan molecules at large strain amplitude region.
At relatively small strain amplitudes, the Lissajous patterns (stress versus strain rate loops) show an elliptical form and their normalized ones are coincident with each other, being characterized as a linear viscoelastic behavior. When larger strain amplitudes are applied, however, the Lissajous patterns (stress versus strain rate loops) are noticeably nonelliptical, and moreover, as the strain amplitude is further increased, the tips of loops become more pointed with exhibiting a characteristic "S" shape.
